Observations by HAWC and Milagro have detected spatially extended TeV sources surrounding middle-aged (t ∼ 100 − 400 kyr) pulsars like Geminga and PSR B0656+14, which are coined term "TeV Halos", representing very extended TeV pulsar wind nebulae (PWNe) powered by relatively old pulsars.
INTRODUCTION
Observations from Milagro ), along with recent observations by HAWC (Abeysekara et al. 2017a) , have revealed extended TeV emissions (i.e., TeV halos) surrounding Geminga and PSR B0656+14. The angular sizes of the TeV halos are much larger than the X-ray pulsar wind nebulae (PWNe). The measurements of surface brightness profile of these TeV halos suggest inefficient diffusion of particles from the sources, giving rise to a debate on the pulsar interpretation of the cosmic-ray positron excess (Abeysekara et al. 2017b ). Xi et al. (2019) argued that GeV observations provide more direct constraints on the positron density in the TeV nebulae in the energy range of 10-500 GeV and hence on the origin of the observed positron excess. Motivated by this, they searched for GeV emission from the two TeV halos with the Fermi Large Area Telescope (LAT) . No convincing GeV counterparts are detected from these two TeV halos 5 , which suggests a relatively low density of GeV electrons/positrons in the TeV halos, thereby constraining their contribution to the positron excess (Xi et al. 2009 ).
A few more TeV halo candidates have been suggested by Linden et al. (2017) , based on the HAWC source catalog (Abeysekara et al. 2017a ). These include 2HWC J1912+099, 2HWC J1831-098 and 2HWC J2031+415 (Abeysekara et al. 2017a) . Motivated by these observations, we attempt to search for possible GeV counterparts of these TeV halo candidates. 2HWC J1912+099 is spatially coincident with HESS 1 School of Astronomy and Space Science, Nanjing University, Nanjing 210023, China; xywang@nju.edu.cn 2 Deutsches Elektronen Synchrotron (DESY), Platanenallee 6, D-15738 Zeuthen, Germany; ruoyu.liu@desy.de 3 Purple Mountain Observatory and Key Laboratory of Radio Astronomy, Chinese Academy of Sciences, Nanjing 210008, China 4 Key laboratory of Modern Astronomy and Astrophysics (Nanjing University), Ministry of Education, Nanjing 210023, China 5 Considering the proper motion of the Geminga pulsar and one-zone diffusion spatial templates, Di Mauro et al. (2019) claimed the detection of GeV emission from the Geminga TeV halo.
1912+101, which is found in the Galactic plan survey by HESS. HESS 1912+101 is suggested to be a possible supernova remnant based on the shell-like morphology of the TeV emission (H.E.S.S collaboration 2018). However, the morphology and size of the TeV emission measured by HAWC are different (Abeysekara et al. 2017a) , which may be due to different field-of-view and sensitivities of the two telescopes. Furthermore, no low-energy (radio and X-rays) counterparts are found (H.E.S.S collaboration 2018), so the nature of this source is still uncertain.
In §2, we perform an analysis on the Fermi-LAT data towards the region of 2HWC J1912+099 (HESS 1912+101). We focus on the spatial extension analysis of the GeV emission using different spatial templates. In §3, we consider a physically-motivated template, i.e., the GeV emission is produced by diffusing electrons as in the TeV halos (hereafter named "diffusion" templates). In §4, we present the spatial analysis of the other two TeV halo candidates, 2HWC J1831-098 and 2HWC J2031+415. Finally , we give discussions in §5.
FERMI/LAT DATA ANALYSIS
The LAT on board the Fermi Gamma-Ray Space Telescope has continuously monitored the sky since 2008 and scans the entire sky every 3 hours (Atwood et al. 2009 ). For this work we use the Pass 8 SOURCE data taken from 2008 August 4 to 2019 January 19 to study the extended gamma-ray emission around HESS J1912+101. We select the γ-ray events in the 10 − 500 GeV energy range, using standard data quality selection criteria "(DATA_QUAL > 0)&&(LAT _CONFIG == 1)". In order to limit the contamination of γ-rays generated by cosmic-ray (CR) interactions in the upper layers of the atmosphere, the maximum zenith angle is set to be 105 • . Data within a 14 • × 14 • radius of interest (ROI) centered on the position of HESS J1912+101 are binned in 12 logarithmically spaced bins in energy and a spatial binning of 0.1 • per pixel is used. We utilize the the publicly available software fermitools (ver. 1.0.0). The P8R3_SOURCE_V 2 set of instrument response functions (IRFs) is used. For the background model, we include the diffuse Galactic interstellar emission (IEM, gll_iem_v07. f its) and isotropic emission ("iso_P8R3_SOURCE_V 2_v1.txt" ) templates released by Fermi Science Support Center (FSSC) 6 , as well as individual gamma-ray sources listed in the Fourth Catalog of Fermi-LAT Sources (4FGL; The Fermi-LAT collaboration 2019). Considering that the background point source 4FGL J1913.3+1019 is reported to be associated with a radio pulsar, PSR J1913+1011, which is only ∼ 0.140 • away (RA=288.335 • ,DEC=10.19 • ; Morris et al. 2002) , we relocate the position of 4FGL J1913.3+1019 to that of PSR J1913+1011 in the analysis.
In subsequently analysis, the normalization and spectral parameters of the discrete gamma-ray sources within 5 • in the background model are left free. We also free the normalizations of the isotropic and Galactic components. Note that the typical cutoff energies of the sources shaped by the Log-Parabola function are smaller than 10 GeV, we thus free only the normalization of the LogParabola function in order to get a convergence of fitting.
We search for possible GeV emission around the region of HESS J1912+101. First, we perform a background-only fitting and obtain the test statistic (TS) map, as shown in Fig.  1 . The TS value is defined as TS=2(ln L 1 − ln L 0 ), where L 0 is the likelihood of background (null hypothesis) and L 1 is the likelihood of the hypothesis for adding a source. An obvious excess is located in the region of HESS J1912+101. Then, we create a series of spatial templates to test the extension of the excess emission. To define a source to be extended, T S ext ≥ 16 is required (T S ext = 16 corresponds to a formal 4σ significance; Ackermann et al.2017) , where T S ext = 2(ln L ext − ln L ps ), with L ext and L ps being the likelihoods of hypothesis for adding an extended source and a point-like source, respectively (Lande et al. 2012 ).
Single point-like source model
First, we consider a point-like source model. We add a point-like source at the position of the peak test statistic (TS) value into our background model, and optimize the localization using the gtfindsrc tool. The derived best-fit location of the excess above 10 GeV is (288.405 • , 10.361 • )±0.028 • . The significance of the excess γ-ray emission is TS = 45.3 (6.7σ). The spectrum and flux in this model are shown in Table 1 .
HESS map template
To check if the spatial distribution of the excess γ-ray emission traces that of the observed TeV emission measured by HESS (HESS J1912+101), we consider a template that reflects the TeV emission morphology measured by HESS, i.e., a three-dimensional spherical shell, homogeneously emitting between R in and R out and projected onto the sky, with R out = 0.49 • and R in = 0.32 • (H.E.S.S collaboration 2018; see also the red "dashed circles" in Fig. 1 ). The significance of the excess γ-ray emission is TS = 43.2 (6.6σ). This TS value indicates that the HESS map model does not improve over the point source model.
Uniform disk template
To investigate whether the γ-ray excess is an extended source spatially, we first consider an uniform disk template. 6 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
We select the best-fit position of the point-like source as the center of the disk, and vary the disk radii from 0.1 • to 2.0 • in steps of 0.1 • to search for the best-fit radius. We also vary the radii in steps of 0.05 • around the best-fit radius found in the first step to get a more precise radius. The best-fit is found at a disk radius of R disk = 0.85 • ± 0.08 • with TS=68.5 (8.3σ), as shown in Fig. 2 . Since we have T S ext = 23.1 relative to a single point source model, the GeV source is spatially extended. The radius of GeV emission is larger than that of the TeV emissions measured by HAWC and HESS, which are about 0.7 • and 0.5 • , respectively (Abeysekara et al. 2017a ; H.E.S.S collaboration 2018).
2D Gaussian template
The other model for studying the source extension in standard Fermi-LAT analysis is the two-dimension (2D) Gaussian model. We set the center of 2D Gaussian at the best-fit position of the point source model, and vary σ from 0.1 • to 1.3 • in steps of 0.1 • to search the best-fit σ. Also we consider a step of 0.01 • around the best-fit σ found in the first step. We define the source size as the radius containing 68% of the intensity, R 68 = 1.51σ, as suggested by Lande et al. (2012) . The best-fit is found at σ = 0.42 • ± 0.03 • , corresponding to 68% containment radius R 68 = 0.63 ± 0.05 • , with TS=76.7 (8.8σ), as shown in Fig. 2 . The significance of extension in the 2D Gaussian model is T S ext = 31.4 (5.6σ) relative to a single point source model.
DIFFUSION TEMPLATES IN THE TEV HALO SCENARIO
The fact that the size of the GeV source is significantly larger than that of the TeV source is consistent with the scenario of the counterpart of a TeV halo (i.e., an extended GeV PWN), considering that GeV-emitting electrons have longer cooling time so they diffuse to a larger extent. Although the shell-like morphology measured by HESS is not expected in the TeV halo scenario, we note, however, that the morphology and size measured by HAWC are different, so it is still unclear whether the TeV halo scenario can be excluded. On the other hand, interpreting the GeV source as an extended PWN does not necessarily require the TeV source to be a TeV halo. The associated TeV emission with the extended GeV PWN could be subdominant, then the TeV source can be interpreted as other sources, such as a SNR.
In the PWN scenario, the GeV emission is produced by diffusing electrons injected from the pulsar via IC scattering on the interstellar radiation. To study this possibility, we calculate the spatial template under the isotropic diffusion model. The details of the calculation on the gamma-ray emission and their spatial distribution can be found in Xi et al. (2019) and Liu et al. (2019) . The magnetic field strength in the surrounding ISM is assumed to be B = 5µG, and the interstellar radiation field (ISRF) consists of, in addition to CMB, a 20 K far-infrared radiation with energy density of 0.4 eVcm −3 , a 1300 K near-infrared radiation with energy density of 0.6 eVcm −3 and a 6500 K optical radiation with energy density of 0.2 eVcm −3 following the ISRF model by Popescu et al. (2017) . To model the injection history of electron/positron pairs from the pulsar, we assume an initial rotation period of 15 ms and a braking index of 3 for the pulsar, which then results in a pulsar age of t age ≃ 140 kyr. A fraction of η e of the spin-down luminosity of the pulsar is assumed to be converted into the energy of pairs which are injected in a power-law spectrum with a slope p. We then estimate the required diffusion coefficient to be D ≃ 10 27 (E/1TeV) 1/3 cm −2 s −1 in order to explain the spatial extension of the GeV emission within the pulsar's age, given the best-fit σ = 0.42 • in the 2D Gaussian template which corresponds to 30 pc at a nominal distance of 4.5 kpc. This diffusion coefficient is about two orders of magnitude lower than the ISM value, consistent with the value found for the Geminga TeV halo (Abeysekara et al. 2017b ). Since the position of the maximum TS is ∼ 0.15 • from the pulsar in the excess map, we have taken into account of the proper motion of the pulsar by assuming a plane-of-sky velocity = 0.15 • /t age ≃ 3.85mas/yr or 83km/s. Depending on whether the measured TeV emission has the same origin as the GeV emission, we obtain two templates with different spectral indices (denoted by p) for the injected electron/positron pairs, and the predicted flux is compared with data in Fig. 3 . We generate the diffusion templates using the mapcube file, which is a 3 dimensional FITS map allowing arbitrary spectral variation as a function of sky position and cut at 2 • . For p = 1.6 and η e = 0.06, the measured TeV flux can be fitted simultaneously, with the TS value to be 64.3 (8.0σ). In the other template, a softer injection spectrum with p = 2.0 is assumed, intentionally resulting in a lower TeV flux than the measured one, and the TS value is 67.5 (8.2σ). As the significance (≈ √ T S) of the signal for these two diffusion templates is comparable to that of the Gaussian and disk templates, a possible physical explanation is that the GeV source is an extended PWN powered by PSR J1913+1011. Meanwhile, as shown by Fig. 4 , the angular profile of TeV emission is steeper than that of the GeV emission, i.e., the intensity of TeV emission decreases more quickly with the distance to the center, which may explain the more compact size of the TeV emission.
The underlying physical explanation of the two templates is as follows. For the solid line, we consider that both GeV and TeV emissions are produced by the PWN model (i.e., assuming the TeV source is a TeV halo). For the dashed line, we consider that the GeV emission is produced by the PWN model, while the TeV emission may possibly originate from a SNR (H.E.S.S collaboration 2018; Su et al. 2017) . In this case, the associated TeV emission with the GeV PWN is thought to be below the measured flux.
2HWC J1831-098 AND 2HWC J2031+415
Two other TeV halo candidates (2HWC J1831-098 and 2HWC J2031+415) have been reported by Linden et al. (2017) . 2HWC J1831-089 is an extended source (0.9 • disk) reported to be associated with the TeV source HESS J1831-089, a candidate PWN powered by the pulsar PSR J1831-0952 (Linden et al. 2017) . 2HWC J2031+415 (0.7 • disk) is associated with the TeV source J2031+4130 detected by HEGRA in 2002, a PWN first reported as an unidentified source in TeV band (Aharonian et al. 2002) . We apply the same Fermi-LAT analysis to these sources. We found no significant excess in GeV emission by testing different spatial templates for 2HWC J1831-098 in the energy band 10-500 GeV, as shown in Fig. 5 . An upper limit flux of 1.93 × 10 −11 photons cm −2 s −1 (95% confidence level) is obtained, assuming a spectral index of 2.0 and an uniform disk template of radius 0.9 • (centered at 2HWC J1831-098). The source 2HWC J2031+415 is located within the region of the GeVbright Cygnus Cocoon (distance of 0.664 • ). The diffuse emission in this region was fitted by a 2D Gaussian model with σ = 3.0 • by the Fermi collaboration (The Fermi-LAT collaboration 2019). As seen in the right panel of Fig. 5 , after subtracting the emission of the Cygnus Cocoon, no significant excess is found in the residual map. Therefore, it is hard to identify possible GeV emission from 2HWC J2031+415 in the region of the bright Cygnus Cocoon. For this reason, we do not analyze this source further.
CONCLUSIONS AND DISCUSSIONS
Using ∼10.4 years of Fermi-LAT data, we discovered a new extended GeV source in the vicinity of the TeV source 2HWC J1912+099, which is also detected by HESS (HESS J1912+101). The best-fit extension of GeV γ-ray emission is 0.85 • ± 0.08 • using the uniform-disk template, significantly larger than the size of the TeV emission measured by HESS (∼0.5 • ) and HAWC (∼0.7 • ). Considering also that there is a middle-aged radio pulsar at the center the TeV emission, we studied the possibility that the source is a TeV halo, produced by diffusing electrons that up-scatter the CMB photons. We test various diffusion templates, which assumes that GeV emission is also produced by diffusing electrons, and find that the diffusion spatial templates give an almost equally good fit to the data as the uniform-disk spatial template and Gaussian spatial template. From this point of view, the properties of the GeV source supports that it is a GeV halo (i.e., an extended GeV PWN). If this is the case, the morphology of the TeV emission needs to be explained by the diffusion model as well. A possible PWN scenario to explain the TeV source has been suggested at the time of its discovery (Aharonian et al. 2008) . Recent observations show that the morphology can be described by a shell, which would favor more the SNR scenario (H.E.S.S. Collaboration et al. 2018). However, there are no radio and X-ray counterparts to the sources, so it is difficult to conclude the nature of the source currently. In addition, the morphology measured by HAWC is quite different from that measured by HESS, so the TeV halo can not be excluded at present.
The GeV source can be also interpreted as an extended PWN, even if the TeV source is not a TeV halo but originates from a SNR associated with PSR J1913+1011, provided that the SNR is still able to accelerate TeV-emitting particles at a quite old age ∼ 170 kyr. In this scenario, the shell-like TeV emission may be due to the interactions between the accelerated particles from the SNR and the surrounding high-density molecular gas (Su et al. 2017) . It then suggests that the TeV counterpart of the extended GeV PWN is dim, being outshone by the TeV SNR emission. This is possible if the electron spectrum is soft or the maximum energy of particles from the PWN is relatively small.
Alternatively, both GeV and TeV emissions could be interpreted as arising from electrons that escape out of the SNR. Since the cooling time of GeV-emitting electrons is longer than TeV-emitting electrons, GeV-emitting electrons could transport to a larger extent, which may explain why TeV emission is more compact than that of the GeV emission. It is also possible both the PWN and SNR components contribute partly to the GeV-TeV emission. The relative importance of the two components may depend on the electron spectral index, maximum electron energy and the magnetic field in both sources. A precise measurement of the angular profile of the TeV emission in the future will be useful to diagnose the electron diffusion in the TeV halo scenario. Meanwhile, future deeper multi-wavelength observations to search for the lowenergy counterparts of a potential SNR will be useful to test the SNR scenario. Table 1 and can also be found in Section 3. The data points and upper limits (3σ confidence level) of the GeV emission (10 GeV -500 GeV), obtained using the diffusion templates, are shown as red points. The blue data points represent the H.E.S.S energy flux spectra of HESS J1912+101. The purple butterfly shows the best fit power-law model with Γ=2.64±0.06 of 2HWC J1912+099. The black data points represent the upper limits of radio Reich & Sun 2018) and X-ray band (Chang et al. 2008 (2019)). All the maps have been created for a pixel size of 0.1, smoothed by gaussian kernel(σ = 0.7 • ). The color bar represents the value of TS per pixel. S collaboration 2018 ). c The parameters used for the diffusion template 1 are P 0 = 15 ms, n = 3, D = 10 27 (E/1 TeV) 1/3 cm 2 s −1 , ηe = 0.06, p = 1.6. See also Section 3 for details. d The parameters used for the diffusion template 2 are the same as those in the diffusion template 1, except ηe = 0.09 and p = 2.0.
